INTRODUCTION
During the water purification process, various disinfection by-products (DBPs), such as trihalomethanes (THMs), haloacetic acids (HAAs), haloacetonitriles (HACNs), chloral hydrate (CH) and formaldehyde (FA) are formed by chlorination. [1] [2] [3] [4] [5] Among these DBPs, FA is classified into Group 2A (The agent is probably carcinogenic to humans) while chloroform (CF), bromodichloromethane (BDCM) and dichloroacetic acid (DCAA) are classified into Group 2B (The agent is possibly carcinogenic to humans) by IARC. 6, 7) Also, CF, BDCM, bromoform (BF), DCAA, and FA are classified into Group B (Probable human carcinogen) by USEPA. 8) Chlorodibromomethane (CDBM), trichloroacetic acid (TCAA), dichloroacetonitrile (DCACN), dibromoacetonitrile (DBACN) and CH are classified into Group C (Possible human carcinogen) by USEPA. 8) In order to secure the safety of drinking water in Japan, 4 types of THMs and total THMs (TTHMs) are listed in the Water Quality Standard, and DCAA, TCAA, DCACN, CH and FA are listed as Monitoring Items, which are regulated by Ministers Order. 9) Furthermore, under the revised Water Supply Law Ministerial Ordinance that will be enforced as of April 1, 2004, 10) chloroacetic acid (CAA), DCAA, TCAA and FA are listed as Standard Items besides the 4 THMs and TTHMs. Also DCACN and CH are due to be listed as water quality management targetsetting items and bromochloroacetic acid (BCAA), An investigation was conducted to determine both the distribution and the concentration of 24 types of disinfection by-products (DBPs) formed by the chlorination of tap water during the water treatment process. The 24 DBPs consisted of 9 haloacetic acids (HAAs), 9 haloacetonitriles (HACNs), 4 trihalomethanes (THMs), chloral hydrate (CH) and formaldehyde (FA). The samples were collected from 8 different water sources in the Hyogo Prefecture. As a result of the field study, which was conducted 4 times in one year, 23 of the DBPs mentioned above [all except for tribromoacetonitrile (TBACN)] were detected in tap water. When the 24 DBPs are classified into their 5 main categories, it has previously been thought that THMs would form the highest concentration group. However, according to the results obtained in this study, the average values of the HAAs showed the highest at the various sampling points, followed by the THMs, HACNs, chloral hydrate and formaldehyde. The composition ratios of the bromine/ chlorine-containing DBPs in tap water from different water sources were compared. The ratio of chlorine-containing DBPs in tap water derived from surface water was higher than that in tap water derived from ground water. On the other hand, the ratio of the bromine-containing DBPs in tap water extracted from ground water was higher than that of tap water extracted from surface water. This tendency was observed equally for HAAs, HACNs and THMs. This phenomena was also supported by numerical results obtained using the bromine incorporation factor [n(Br)]. It was newly revealed that n(Br) is applicable to HAAs and HACNs in addition to THMs. bromodichloroacetic acid (BDCAA), bromoacetic acid (BAA), dibromoacetic acid (DBAA), tribromoacetic acid (TBAA), trichloroacetonitrile (TCACN), bromochloroacetonitrile (BCACN), DBACN and acetoaldehyde are due to be listed as examination required items.
In studying various DBPs, extensive investigations have been made into THMs with regard to their distribution in tap water and their formation behavior, and it has been considered that the ratio of THMs in DBPs in tap water is relatively large compared to HAAs, HACNs and CH. 11) However, according to our earlier investigation in 1996, it was found that surface water from a water source in the Hyogo Prefecture had the same or a higher ratio of HAAs (DCAA and TCAA) than THMs. 12) Following this investigation, we obtained similar results in a study of the formation potential of DBPs. 13) Furthermore, similar examples have been reported from field studies of tap water in other areas. [14] [15] [16] Following recent toxicological studies of bromine-containing DBPs, 17, 18) their behavior in tap water has attracted much attention. HOBr is formed in water by ozonation or chlorination in the presence of Br -. Since the reaction rates of organic substances and HOBr in water are faster than that of HOCl, bromine-containing DBPs are subsequently formed. [19] [20] [21] [22] [23] However, no known report exists to date on the composition ratios of the 9 types of bromine/ chlorine-containing HAA, the 9 types of each HACN and the 4 types of each THM in water samples collected from different water source points based on this integrated methodology.
We considered that using the bromine incorporation factor [n(Br)], which Symons et al. 24) has reported, numerical comparison ratio of bromine-containing DBPs between different water sources could be obtained. It was also considered that a simple statistical analysis of the relationship between water quality and bromine-containing DBPs could be performed.
In this study, we investigated 9 HAAs, 9 HACNs, 4 THMs, CH and FA in both tap water and raw water in the Hyogo Prefecture. The water samples were collected from various water source points, such as lakes, rivers, wells and river-beds. The concentrations of the DBPs were determined and by numerical results obtained using n(Br) the composition ratios of bromine/chlorine-containing DBPs in tap water from the different water sources were characterized.
MATERIALS AND METHODS
Analyzed Items --- Table 1 ) . All of the tap water samples (except for those collected from point D) were purified at the waterworks using a rapid sand filtration method. The tap water samples collected at point D were a mixture of water that was purified using a combined slow sand filtration method and an advanced water treatment process with a ratio of 1 : 5.8. The raw water collected from point A was taken from a lake, while that from points B, C and D were sourced from rivers. The raw water samples collected from points E and F were a mixture of river water and well water in ratios of about 1 : 1.5 and 1.4 : 1 respectively. At point G, the water source was a well. At point H the raw water was obtained from a mixture of river-bed water and well water, with a ratio of 5.8 : 1. All of the tap water samples collected at the water treatment plants were dechlorinated by treatment with an ascorbic acid sodium salt, but the tap water samples that were collected for FA analysis were dechlorinated using sodium thiosulfate and then brought into the laboratory after treatment with ice ready for immediate analysis. Analytical Methods ---The preparation and analytical procedures for the 24 DBPs were performed in accordance with the method described in a previous report 12, 13) and the Standard Method for Examination of Water.
25) The THMs were determined by purge and trap (P&T)-GC/MS (P&T: Tekmar LSC2000, GC: HP5890 Series II, MS: HP5972) and the other DBPs were analyzed by GC/MS (GC: HP5890 Series II, MS: HP5971A) after liquid-liquid extraction. An aquatic column (60 m in length, 0.25 mm in diameter and 1.0 µm in film thickness, GL Science Inc.) was used for the THMs analysis, while a DB-17HT column (30 m in length, 0.25 mm in diameter, 0.15 µm in film thickness, J&W Scientific, California, U.S.A.) was used for the analysis of the HAAs and FA. An MDN-12 column of 30 m in length, 0.25 mm in diameter and 0.50 µm in film thickness, (Supelco, Bellefonte, U.S.A.) was used for the analyses of the HACNs and the CH. All of the other measurements were made such that they conformed to the Standard Method for Examination of Water. 25) Table 1 shows the lower limits of detection for each of the items that were measured. Values that were less than the limit of detection were denoted by ND and were considered as 0 when deriving the average. Calculations ---We used the method ascribed to Symons et al., 24) whereby the numerical ratio of the bromine-containing THMs to TTHMs was calculated and was denoted as the bromine incorporation factor, n(Br) in order to calculate the factor for the HAAs and HACNs.
The n(Br) for THMs is given by the equation:
where TTHMs (µmole/l) is the sum of the four THMs and TTHMs-Br (µmole/l) is given by the following equation:
The n(Br) for HAAs and HACNs was calculated as same as for THMs. The value of n(Br) can vary from 0 to 3 depending on the degree of bromine substitution on THMs, HAAs and HACNs, respectively. Tables 2 and 3 show the average, minimum and maximum concentrations of the DBPs in tap water and in raw water for each collection point. Among the DBPs in tap water, CF exhibited the highest concentration (minimum 0.80 µg/l and maximum 43.10 µg/l, and the average value for CF over the total area throughout the seasons was 11.00 µg/l). These values respectively were TCAA (0. )] that were under consideration were detected at some of the collecting points, indicating that various chlorine/bromine-containing DBPs were formed during the water treatment process. In the raw water samples, 9 types of HAAs, TCACN, chloroacetonitrile (CACN), CF and CH were detected, though the concentrations were low (Table 3 ). Based on investigations conducted for neighboring fields and for up-stream water, it was considered that the DBPs were derived from various wastewaters such as domestic wastewater, treated industrial wastewater and treated sewage.
RESULTS AND DISCUSSION

Concentration of the 24 DBPs in Tap Water and in Raw Water
From the point of view of the sampling locations, the tap water sample collected at point A showed the highest concentration of total DBPs (TDBPs) (lake, 55.23-141.18 µg/l) followed by sampling point B (river, 37.30-111.09 µg/l) (Fig. 1) . The characteristics of the water quality from these 2 points were; KMnO 4 consumption, both in raw water (2.5-5.0 mg/l and 2.5-5.1 mg/l respectively) and in tap water (1.0-3.7 mg/l and 1.3-2.2 mg/l) were higher than for the other points; E 260 , which indicates the volume of unsaturated bonded organic com-pounds, both in raw water (0.033-0.043 cm -1 , 0.030-0.050 cm -1 ) and in tap water (0.017-0.025 cm -1 , 0.012-0.016 cm -1 ) were also higher than for the other points; and the residual chlorine concentration in the tap water was higher (0.6-1.5 mg/l and 0.0-1.5 mg/l) than in the water from the other sampling points. These results indicate that the concentrations of DBPs precursors were high in raw water and, moreover, relatively large doses of NaOCl were required to maintain acceptable residual chlorine levels. The organic substances were not fully removed during the treatment process. The reason for the higher concentrations of TDBPs at points A and B could be attributed to the high concentrations of organic compounds reacting with the high dose of NaOCl. The reaction of the un-removed organic matter during the treatment process with the residual chlorine may have progressed with time, and in doing so further increased the occurrence of the TDBPs. On the other hand, at point G, although both the consumption of KMnO 4 (1.8-4.2 mg/l) and the E 260 value (0.035-0.230 cm -1 ) in raw water were high, their values in tap water were low (0.6-1.7 mg/l, 0.006-0.013 cm -1 , respectively). Also, the concentrations of TDBPs in This suggests that the organic matter was removed effectively during the water treatment process, thereby preventing the formation of further TDBPs. Figure 1 shows the seasonal concentration of the 24 DBPs in the tap water for samples from all the collection locations, which were classified into 5 categories, namely HAAs, HACNs, THMs, CH and FA. With regard to the ratios of the 5 categorized DBPs to TDBPs, the values for HAAs (minimum 21%, maximum 72%, average 53%) were the highest, followed by the THMs (22-68%, 39%), then the HACNs (1-23%, 5%), the CH (0-6%, 2%) and finally the FA (0-9%, 1%) in terms of every location and every season. In California, U.S.A., a report found that the ratio of the DBPs from a waterworks plant were 70% for THMs, 20% for HAAs, 10% for HACNs and 1% for CH. 11) A subsequent report suggested that the equivalent ratios in Japan were similar to those found in the U.S.A. 26, 27) However, the results of our investigation, which was carried out in 1996, showed that in tap water taken from sur- face water, the ratio of HAAs (DCAA and TCAA) was either the same as or higher than it was for the THMs. 12) Later, similar results were obtained in our investigation to determine the formation potential of DBPs under specific conditions, such as water temperature, pH, residual chlorine (1-2 mg/l) and reaction time (24 hr). 13) In field tests concerning the ratio of HAAs in tap water conducted in other areas, similar results were reported.
Concentration Ratio of the 5 Categorized DBPs
14) It was assumed that these DBP concentration ratios might to vary depending on the quality of the dissolved organic matter in the source water or the treatment method. The results of our present investigation revealed that the concentration ratio of the HAAs was the highest.
Composition Ratio of Bromine/Chlorine-Containing DBPs in Tap Water from Different Water Sources
When studying the DBPs, attention was initially paid to CF as being a major component of the chlorine-containing DBPs formed by chlorine treated water. 1, 28) Although a considerable amount of infor-mation exists regarding the composition ratio of the 4 types of THMs, few reports have undertaken an integrated comparative study to examine the composition ratio of the 9 types of HAAs and HACNs formed in different water sources. Therefore, we will now discuss the ratios of the composition concentrations of DBPs that were recorded during October, when the TDBPs showed their highest concentrations in almost all of the sampling areas. Figure 2 shows the relative concentrations (%) of the bromine/chlorine-containing DBPs for the HAAs, HACNs and THMs. In the analysis of the HAAs, TCAA (28-42%) was a major component at points A, B and C (where the surface water was collected). At point D, where the raw water was collected from a river and 85% of the tap water was processed by an advanced water treatment, the ratio of the TCAA was relatively low, while the ratios of bromine-containing DBPs such as BDCAA (28%) and BCAA (14%) were higher in comparison to points A, B and C. Symons et al. 24) reported that by using an advanced water treatment process, the formation of chlorine-containing DBPs could be suppressed and thereby affect the composition ratio of On the other hand, the major component of the DBPs in tap water derived from ground water, such as the well water collected at point G and the river-bed water collected at point H, was BDCAA (33-35%), whilst the ratio of TCAA when compared to the surface water was lower. In addition, the ratio of the bromine-containing DBPs such as DBAA (9-14%) was higher. It was thought that these results might reflect a high concentration of Br -in the ground water. 29, 30) At point E (raw water, a mixture of river water and well water) the analytical results showed a value mid-way between surface water and ground water. At point F, CDBAA (20%) was the major component and the ratio of bromine-containing DBPs was higher and similar to that of ground water. It was considered that because the raw water at point F was a mixture of river water collected through the infiltration gallery and well water. With regard to the HACNs, DCACN (63-77%) was found to be the major component for points A, B and C (surface water). BCACN (47%) was the major component at point D, which included advanced water treatment, and the DBACN (17%) ratio was higher when compared to river water. For points G and H (ground water), BCACN (39-45%) was the major component and the DBACN (24-35%) ratio was also higher. At point E, the ratio was close to the mid-value of the surface water and ground water, and at point F, it was close to the value of ground water. They were as same as the case with the HAAs. In addition to analysis for HACNs, the dihalogenated compounds exhibited a higher ratio that agreed with other reports. 31, 32) CF (53-75%) was the major component found in the analysis of the THMs for points A, B, and C (surface water). At point D, CF (42%) was the major component, but the ratio of bromine-containing DBPs was relatively higher than that of surface water. CDBM (38-44%) was the major component in the tap water derived from ground water (points G and H). At point E, the ratios of the 4 THMs were almost equal to each other, and were in the middle of the levels observed for surface water and ground water. At point F, the results showed a similar ratio to that of ground water. From these results, more chlorine-containing THMs were found to exist in surface water, whilst more bromine-containing THMs exist in ground water. These results agree well with reports made by Ichihashi, et al. 33) The composition ratios for June, August and January were similar.
The above results revealed, as previously reported, that the ratio of bromine-containing THMs in tap water derived from ground water was higher than that of tap water derived from surface water. Also, a similar tendency was observed for the first time for HAAs and HACNs. Figure 3 shows the n(Br) factor for HAAs, HACNs and THMs.
The Bromine Incorporation Factor for HAAs, HACNs and THMs
In the analysis of the HAAs, the values of n(Br) from points A, B and C, where surface water was collected, were lowest (0.09-0.56, 0.40) while at point D, where raw water was collected from the river and 85% of the tap water was processed by an advanced water treatment, it was higher (0.66-0.73, 0.69). At points G and H (ground water) the values of n(Br) (0.58-1.18, 0.86) were highest, while at point E (raw water, a mixture of river water and well water) it showed values (0.16-0.88, 0.52) mid-way between surface water and ground water. At point F (a mixture of river water collected through the infiltration gallery and well water) the value (0.83-1.07, 0.90) was similar to that of ground water. Such a tendency was also observed for HACNs and THMs.
When compared with the n(Br) value of THMs obtained in Greece by Kampioti et al., 34) the values for surface water from points A, B, and C (0.15-0.54, 0.35) compared well with previous values that were also derived from surface water around Athens (0. 20-0.94, 0.35) . The values at points G and H (0.31-1.63, 1.05) were similar to the values obtained in the Mediterranean cities of Preveza (0.56-1.53, 1.05) and Lefcas (0.80-1.47, 1.13) where the raw water was collected from ground water. These results corroborated the numerical value of the composition ratio for bromine/chlorine-containing DBPs described in the preceding clause. Few reports have examined n(Br) for the 9 types of HAAs and HACNs from different water sources. From our present study we have revealed that the n(Br) values of HAAs and HACNs follow a similar pattern to that observed in the study of THMs.
Relationship between n(Br) for HAAs, HACNs and THMs and the Concentration of Br -in Raw Water
Considering the above results, which imply higher proportions of bromine-containing DBPs in tap water derived from ground water than that derived from surface water, in order to study the relationship between Br -concentration in raw water and n(Br), we measured both the Br -and Cl -concentrations at points H (raw water comprising of river-bed water and well water) and A (raw water comprising of lake water) by ion chromatography, 25) as shown in Fig. 4 . At point H, the lowest Br -concentration was in June (0.017 mg/l), whilst in August, October and January higher levels were obtained (0.039, 0.033 and 0.030 mg/l respectively). However, the Br -concentration at point A was 0.013-0.015 mg/l, which remained relatively constant and was consistently lower throughout the year than the concentration obtained in June for point H. The correlation coefficient between n(Br) for HAAs, HACNs and THMs and the Br -concentration was calculated each month for point H, where the Br -concentration was relatively high. The results were as follows: r = 0.9716, r = 0.5662 and r = 0.9506 respectively, which indicated that a significant correlation (p < 0.05, n = 4) existed for both the HAAs and for the THMs. The n(Br) for both species was influenced by the Br -concentration in the raw water. Although the same tendency was recognized in HACNs, no significant correlation was recognized. This could be due to the instability of highly-detectable dihaloacetonitriles in the water. 32) As shown in Fig. 4 , the Cl -concentration in the raw water was more than 100 times that of the Br -concentration. It was revealed that the concentration of Br -exerted an influence on the volume of bromine-containing DBPs that were generated. This could be explained by a previous report, 35) which suggested that the reaction rate between organic compounds and HOBr (which is generated by the reaction of Br -and the disinfectant NaOCl) is faster than that between organic compounds and HOCl.
Because these results were generated by an investigation involving only a limited number of water sources that exhibited high concentrations of Br -, further studies of water from more sources are required in order to accumulate objective data. There are various water sources in the Hyogo Prefecture, and there are many water-purification plants, varying from those that utilize only a simple process to some that are very advanced. In addition to conducting a survey of the poisonous bromine/chlorine-containing DBPs in water, their generation mechanisms and suitable reduction measures for the DBPs must be studied further in order to secure the safety of tap water. This research was conducted as part of these studies to help to solve this important subject.
In conclusion, a field study was conducted, whereby the concentration of 24 DBPs in tap water and in raw water at 8 different water source points in the Hyogo Prefecture was determined. As a result, 23 of these DBPs (all except for TBACN) were detected in tap water. Among the 5 categorized DBPs, the average concentration of HAAs gave the highest value at the various collecting points, followed by THMs, HACNs, CH and FA in that order. With regard to our comparative study of the bromine/chlorine-containing DBPs, the composition ratio of the chlorine-containing DBPs in tap water originating from surface water was higher than that of tap water originating from ground water. On the other hand, the ratio of the bromine-containing DBPs in tap water derived from ground water was higher than it was for tap water from surface water. This phenomena is true for the HAAs, HACNs and THMs, and was supported by the numerical results that were obtained using the bromine incorporation factor [n(Br)]. It was newly revealed that n(Br) is not only applicable to THMs, but also to both HAAs and HACNs. 
